We investigate schemes for generating indistinguishable single photons, a key feature of quantum networks, from a trapped ion coupled to an optical cavity. Through selection of the initial state in a cavity-assisted Raman transition, we suppress the detrimental effect of spontaneous emission present in previously demonstrated schemes in similar systems. We measure a visibility of 72(2)% without correction for background counts in a Hong-Ou-Mandel interference measurement for the new scheme, with 51(2)% for a commonly-used scheme with similar parameters. Schemes such as the one demonstrated here have applications in distributed quantum computing and communications, where high fidelities are vital, and depend on the mutual indistinguishability of single photons.
Entanglement between remote quantum systems is a prerequisite for distributed quantum computing [1, 2] , and quantum communication [3, 4] . Various solid-state and atomic quantum systems have been proposed for this purpose, such as quantum dots [5] [6] [7] , color centers in diamond (nitrogen-vacancy centers) [8] , trapped neutral atoms [9, 10] , and trapped ions [11, 12] . Coupling trapped ions to optical cavities combines the long trapping lifetimes and coherence times of ions [13] with a highly controllable photonic interface and thus tunable temporal and spectral properties of emitted photons [14, 15] . Single photon emission with controlled frequency [16, 17] , polarization [18] , and temporal shape [14] has been demonstrated, as well as entanglement between ions and photons [12] . One established method for generating entanglement between remote quantum systems is to entangle each with a single photon as a flying qubit, and then project the stationary quantum systems into an entangled state through a Bell state measurement on the photons [1] . The fidelity of the entanglement process depends not only on the fidelity of the original entanglement, but also the mutual distinguishability of the photons [19, 20] . To measure the distinguishability of photons, the Hong-Ou-Mandel (HOM) effect can be employed [21] , first observed by Hong et. al. with photon pairs from parametric down conversion [21] , and since investigated in a wide variety of systems [22] [23] [24] [25] [26] [27] [28] [29] . Here we use HOM interference to investigate the indistinguishability of the single photon emission from an ion-cavity system [30, 31] . Two schemes for producing single photons via cavity-assisted Raman transitions in trapped 40 Ca + -ions are compared and we demonstrate that, through careful selection of the initial state, the indistinguishability of the photons can be significantly improved. In the first scheme, the initial and final states are the S 1/2 , m = −1/2 ground state and the metastable D 3/2 , m = 3/2 state, hereafter referred to as S and D, respectively (see Fig. 1 ). This is similar to previous work in similar systems, for example in [12, 14, 18, 31] . Though the Raman transition is a coherent process, decoherence is introduced by the possibility of off-resonant scattering from the excited P 1/2 state to S 1/2 , after which the Raman transition may still occur. This recycling of the atom's population back to the initial state leads to a time-shift of the single photon wavepacket. The observed photon can be seen as a probabilistic mixture of many mutually distinguishable time-shifted photons, each produced after a different number of scattering events [18, 32] . Alternatively, one may choose a single photon scheme in which there is a low probability of recycling to the initial state. In our case, we choose the m = −3/2 and m = 1/2 Zeeman sublevels of the D 3/2 state as our initial and final states, respectively, which we label D and D . The branching ratio of decay from the excited state to the initial state is about 1%, with 94% of the population decaying to the S 1/2 state [33] , which greatly reduces the probability of producing a cavity photon after scattering, and thus improves the indistinguishability of the photons.
The trap setup is shown in Fig. 1(a) and an ion-cavity coupling strength g 0 = 2π × 0.8 MHz.
Three Helmholtz coils located around the trap produce a magnetic field to align the quantization axis co-linear to the cavity axis and to split the Zeeman sublevels.
The laser beams for cooling, state preparation, pumping and re-pumping are injected into the system through the gaps between the rf electrodes. In order to measure the indistingushability of the photons emitted by the system through HOM interference, two photons must arrive at the same time at a 50:50 beam splitter. To this end, two consecutive photons are generated. The first photon is delayed by an optical delay fiber to arrive in coincidence with the second photon at the beam splitter. The HOM interference setup is shown in Fig. 1(a) . The cavity emission first passes through a quarter-waveplate and a polarising beam splitter cube (PBS), to clean the photon's polarisation. It then passes through two shortpass filters to remove the cavity locking light. The filtered emission is then coupled into a single-mode fiberbased electro-optical switch (EOS) (Agiltron, NanoSpeed Ultra-Fast). The input light is directed down one of two output ports. One output of the EOS leads directly to the 50:50 fiber-based beam splitter (FBS), while the other is connected to the FBS via the 1.5 km delay line fiber. The two output ports of the FBS then lead to separate superconducting-nanowire single photon detectors (SSPDs) (Photonspot inc.) with a rated quantum efficiency at 850 nm of 80%. A time-to-digital converter (TDC) (quTAU, qutools) records timestamps for each detector click. To measure the polarisation distortion caused by the birefringence of the delay line fiber, a 99:1 beam splitter taps off 1% of the signal from one of the FBS outputs to a polarimeter. This distortion may then be corrected for using polarisation control paddles. As the polarimeter is not sensitive enough to measure single photons, an 866 nm laser is overlapped with the cavity emission at the PBS, and has its polarization matched to the cavity emission with a half-waveplate. This beam is blocked by a shutter during data collection, and the experiment is paused regularly to correct for the polarization distortion. To avoid coupling losses, all fiber-fiber connections in this setup are spliced. To ensure consecutive photons arrive at the same time at the FBS, the single photon sequence is repeated with a period equal to the travel time of light through the delay line fiber (7.38 µs), with the EOS output re-directing the cavity emission between cycles. The single photons are generated in the sequence depicted in Fig. 1(d) and (e). The ion is first Doppler cooled by a 397 nm beam for 1.5 µs while lasers at 850 and 854 nm repump the ion from the metastable states back into the cooling cycle. To generate a single photon from the initial state S 1/2 the 397 nm laser is switched off for 2.5 µs to state prepare the ion (Fig. 1(d) ). The single photon is then generated through a cavity-assisted Raman transition between the S 1/2 , m = −1/2 and D 3/2 , m = 3/2 states using a 397 nm laser beam with σ + and π polarization for 2.5 µs (see Fig. 1(d) ). The intensity of this laser is given a Gaussian temporal shape with a width of 450 ns and amplitude of Ω = 2π × 11 MHz using an AOM, and is red-detuned 24 MHz from resonance. The long lifetime of the D 3/2 metastable state guaranties the creation of no more than a single photon in the cavity at one time. The splitting of the Zeeman sublevels by the magnetic field is much larger than the linewidth of the transition, allowing the selection of a specific Raman transition. A delay of a few 100 ns before and after the photon generation step ensures the complete switch-off of all the other lasers and decay of the cavity population to avoid the creation of multiple photons. The overall probability of generating and detecting these single photons is (≈ 0.54%). A Hanbury-Brown-Twiss (HBT) measurement confirms the system is a single photon source with g (2) (0) = 0.0017(12) [31] . The TDC records the arrival time of the single photons on two channels only within the single photon generation part of the sequence. An additional electronic pulse is generated every 256 cycles and time-stamped by another channel of the TDC, synchronising the experimental sequence and the TDC to obtain the temporal profile of the single photons (Fig.  3) .
Cross-correlation between two detectors is obtained and plotted in a histogram with a bin-width of 50 ns (Fig. 2) . The clear dip at the center is characteristic of a HOM interference pattern with partially distinguishable photons [22] . As a reference measurement, the experiment is repeated with fully distinguishable photons by rotating the polarization of photons through the delay fiber perpendicular to those from the direct path using the polarization controller. The HOM visibility is defined as [26] 
where C ,⊥ (τ ) are number of coincidences for parallel and perpendicular polarization respectively. 2,788,867 photons were detected in order to measure the HOM interference signal, and 1,511,965 photons to make the fully distinguishable (perpendicular polarization) histogram. We obtain a visibility V = 51(2)%. The effect of the distinguishability caused by scattering on the P 1/2 → S 1/2 transition can be seen as wings about τ = 0 in the HOM histogram. The system is simulated through numerical solutions of the master equation for an 8-level ion coupled to a cavity. To obtain the expected HOM interference pattern, we calculate the first-and second-order coherence functions of the cavity emission [34] . The simulations are matched to the data in Fig. 2 by normalizing the area under the curve for perpendicular polarization, giving good agreement between simulations and data. The temporal profile of the cavity emission is shown in Fig.  3 (a) together with a simulated profile, which show good agreement. A different scheme to generate single photons can be employed to protect against the adverse effect of the spontaneous emission of the ion. This scheme uses the same sequence structure and timing but different lasers (see Fig. 1(c) ). After Doppler cooling as in the previous scheme, the ion is prepared in to the D state by optically pumping with a 397 nm beam and an 866 nm beam, both polarized σ − + π. The Raman transition from D to D is then driven by a σ + + σ − -polarized 866 nm laser blue-detuned 24 MHz from resonance with a Gaussian temporal intensity profile of width 450 ns and amplitude Ω = 2π × 5.5 MHz using an AOM. This has a total efficiency of ≈ 0.08% for the generation and detection a of single photon. A HBT measurement gives g (2) (0) = 0.036 (16) . The small offset from zero is due to both the background rate and chance of two-photon events caused by σ − component of the polarization of the Raman drive beam. Fig. 4 shows the time-resolved HOM signal and comparison with the reference measurement (perpendicular polarization) together with the simulated HOM interference. To create this plot 4, 762, 676 photons with parallel polarization were detected and 4, 273, 969 photons with perpendicular polarization. From the data shown in Fig. 4 a lower limit of the HOM visibility of 72(2)% is found without subtraction of background counts. The temporal profile of the cavity emission is shown in figure Fig 3(b) together with a simulated profile. The simulation and the measured profile agree well.
There is a clear improvement in the indistinguishability of the single photons produced in our ion-cavity system by choosing D 3/2 as the initial state over S 1/2 . Simulations show that a HOM visibility of >90% for the D → D scheme is achievable, while our observed value of 72(2)% is limited by an unknown source of additional coincidence counts. The absence of the characteristic dip in the coincidence counts at τ = 0, as seen in the S → D scheme, indicates that this lower visibility is not due to the mutual distinguishability of the photons as they are produced, but background counts or distinguishability introduced by a drift in the relative polarization between the two photon paths.
In comparison, a HOM visibility of the S → D scheme of 51(2)% is achieved. However, recycling of the ion's S 1/2 state population due to the spontaneous decay of the P 1/2 state leads to a high efficiency. In order to compare the two schemes, we have analysed two approaches to optimise the indistinguishability of photons from the S → D scheme. Firstly, we consider the reduction of the coincidence window to improve the effective overlap of the wavefunctions of the two photons. In this way, the HOM visibility can be increased but, at the same time, the efficiency of generating a valid detection event is reduced. Matching the simulated HOM visibility of the S → D scheme with that of the D → D scheme requires a >100 ns window for coincidence counts, discarding >90% of coincidence events and leaving an effective single photon efficiency smaller than that of the D → D scheme. Another way of improving the HOM visibility of the S → D scheme is to optimise the pump pulse parameters. We have conducted a numerical study and compared the expected HOM visibility and single photon efficiency for a wide range of pump laser intensities and detunings for the two schemes. For any parameter set for which the visibility in the S → D scheme compares with that of the D → D scheme, the efficiency is lower. Increasing cavity cooperativity can reduce the impact of spontaneous emission [35] , but this will also improve the efficiency and indistinguishability of the D → D scheme. The D → D scheme is therefore superior across all ion-cavity coupling regimes.
In conclusion, we have investigated two schemes to generate single photons from an ion-cavity system and measured the efficiency and indistinguishability of the photons. While the photon generation efficiency from the cavity-assisted Raman transition S 1/2 , m = −1/2 → D 3/2 , m = +3/2 can be high, the indistinguishability of the emitted photons is reduced by multiple scattering events on the P 1/2 → S 1/2 transition during the photon generation. Using a Raman D 3/2 , m = −3/2 → D 3/2 , m = +1/2 transition can significantly improve the indistinguishability of the produced photons by reducing the probability of these scattering events occurring. Measures to improve the visibility of the S → D scheme tend to lower the effective efficiency compared to the D → D scheme. For applications which require indistinguishable photons, including probabilistic entanglement schemes, quantum information processing and quantum key distribution, it is advantageous to select a single photon generation scheme which limits the effects of spontaneous emission, such as the one demonstrated here.
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